Polypterus, a member of the most primitive living group of ray-finned fishes, has demonstrated the ability to perform fin-assisted terrestrial locomotion, a behavior that indicates a complex pectoral musculoskeletal system. Review of the literature reveals that many aspects of the pectoral muscular anatomy of Polypterus are still unclear, with a number of conflicting descriptions. We provide a new interpretation of the pectoral musculature using soft tissue-enhanced microCT scanning and gross anatomical dissection. The results demonstrate a complex musculature, with six independent muscles crossing the glenoid-fin joint. Comparisons with other bony-fish (Osteichthyes), including both ray-finned (Actinopterygii) and lobed-fin (Sarcopterygii) fish, indicate the presence of novel muscles within Polypterus: coracometapterygialis I+II and the zonopropterygialis medialis. Examination of these muscular additions in the context of osteichthyan phylogeny indicates that this represents a previously unrecognized event in the evolution of pectoral musculature in Osteichthyes. Despite its phylogenetic position as a basal actinopterygian, the musculature of Polypterus has more similarities both anatomically and functionally with that of sarcopterygians. This anatomy, along with other features of Polypterus anatomy such as lobed fins, ventral paired lungs, and a large spiracle, may make it a good model for inferences of stem tetrapod locomotion.
Introduction
Extant fishes exhibit a wide range of locomotory behaviors but the musculoskeletal anatomy underlying these have rarely been the subject of broad comparative studies. The major division of bony fishes (Osteichthyes) contrasts the diverse group of ray-finned fishes (Actinopterygii) with relatively small paired fin musculature to lobe-finned fishes (Sarcopterygii) , that include tetrapods, and have more extensive paired fin musculature. The transitions from basal osteichthyans to these derived clades is of importance not only to discuss anatomical and potential biomechanical evolution, but also to provide a comparative framework for the developmental evolution of these muscles.
As a member of the most basal extant clade of Actinopterygii, members of the genus Polypterus are of particular importance to our understanding of the evolution of the anatomy of Osteichthyes to aid in polarizing anatomical change (Fig. 1 ). In addition, Polypterus have a suite of features, including a paired lung (Lechleuthner et al. 1989) , lobed pectoral limbs, and the ability to breathe through their spiracle (Graham et al. 2014) , as well as observed terrestrial excursions both in the wild (Klaatsch, 1896) and in the laboratory (Standen et al. 2014, E.M. Standen, T.Y. Du, P. Laroche & H.C.E Larsson, unpubl. commun.) , all of which make them of particular interest in examining transitions from water to land. Their behavior in the laboratory in particular warrants further attention, as the demonstration of multiple gaits on a variety of substrates suggests an unexpected level of control and flexibility of movement in the pectoral fin (E.M. Standen, T.Y. Du, P. Laroche & H.C.E Larsson, unpubl. commun.) .
An examination of the literature on the pectoral anatomy of Polypterus reveals a reason for the behavioral flexibility of Polypterus: the morphology of the 'shoulder-joint.' This joint consists of a reverse ball-and-socket formed by an extension of the scapulocoracoid and the fused proximal portions of the pro-and metapterygium. Tetrapods have the opposite of this arrangement, with the concavity of the joint located on the pectoral girdle, but both joints function in a similar manner, allowing freedom of movement in all directions. This is different from the condition in most other actinopterygians, where a row of skeletal elements articulate along the girdle, creating a more hinge-like joint. However, extant sarcopterygian fish all demonstrate the same condition as Polypterus (except that the 'socket' is formed by a single element).
Although the literature makes skeletal-joint morphology clear, the musculature that drives the movement about the joint is less clear. This paper will focus on the appendicular muscular crossing the glenoid and entering the fin or limb, as this musculature is primarily responsible for movement of the appendage and can be compared across a wide range of taxa. There are a number of accounts of appendicular musculature in Polypterus, from those focused specifically on Polypterus (e.g. Pollard, 1892; Klaatsch, 1896) , to those comparing a variety of osteichthyan fish (e.g. Jessen, 1972; Diogo & Abdala, 2007) . However, the complexity of the musculature and the arrangement of muscles described vary between most publications. This uncertainty about the musculature is problematic in two ways. First, to understand the role of appendicular musculature during terrestrial locomotion in Polypterus, we must understand how these muscles are arranged and the actions they produce. Secondly, as the most basal actinopterygian, the details of the musculature of Polypterus, such as muscle number and sub-divisions within muscles, are relevant to the evolution of musculature in both actinopterygians and sarcopterygians, as they help determine the basal muscular condition within osteichthyans. Without accurate anatomical data on the musculature in Polypterus, inferences about how the musculature evolved in osteichthyan fish must be considered questionable.
In an effort to form a more comprehensive view of the anatomy in Polypterus, we examined the historical literature on the pectoral musculature in order to understand previous interpretations and to guide subsequent dissections and examinations. We then examined the pectoral muscular anatomy of Polypterus through microCT scanning, utilizing contrast-enhancing staining to make muscles more visible, and gross anatomical dissection. This is the first time microCT has been utilized in the study of Polypterus musculature and the results suggest a new interpretation of the pectoral muscles. Comparisons between Polypterus and other osteichthyan fish also suggest a new scenario for the evolution of pectoral musculature in actinopterygians.
Historical literature on pectoral musculature
Examination of the literature on Polypterus pectoral musculature reveals a long, but often conflicting, publication history (Table 1 ). The first account of the pectoral musculature is a series of illustrations by Pollard (1892) in a publication mostly focused on the cranial musculature and nerves. Although the pectoral musculature is not described in the text, the figures clearly indicate and name four muscles; a lateral protractor and a medial retractor, along with a levator and depressor on the dorsal and ventral margins of the fin, respectively. The first description of the pectoral musculature was provided shortly thereafter by Klaatsch (1896) . This description indicated a complex anatomy, with at least seven distinct muscles, some comprising distinct sub-divisions. This description follows a different naming convention for the musculature, but muscles equivalent to the levator and depressor as illustrated by Pollard (1892) are both recognized. Muscles equivalent to the pronator and retractor are also named, and are described as being comprised of multiple sub-divisions. Lastly, a proximal, laterally oriented muscle called the zonoseptalis is described for the first time. Braus (1901) reviewed the pectoral anatomy of Polypterus in his study of the muscles of Neoceratodus. This description acknowledges the complexity of the protractor and retractor as described by Klaatsch (1896) , but does not further divide them into separate muscles, instead recognizing the levator and depressor as the only other distinct muscles. The four pectoral muscles described are therefore the same four indicated by Pollard (1892) . In addition, this publication divides the muscles into two groups, the ventrolateral and dorsomedial musculature, the former including the protractor and depressor, and the latter the levator and retractor. These groupings are the first indications of the developmental origins of the novel muscles found in Polypterus. These groupings of the musculature are also repeated by Romer (1924) , who does not describe the musculature in detail but does draw attention to the similarities between the position of the deltoid in tetrapods and the 'dorsoproximal portion' of the abductor (the abductor superficialis of this study).
The pectoral musculature of Polypterus was next described in a study on the pectoral musculature among osteichthyans (Shann, 1924) . This description recognized six pectoral muscles, and is the first to use the terms abductor and adductor in reference to the lateral and medial musculature. It is also unique in describing two distinct portions within the levator (here called the 'dilator posterior'). Otherwise, this account is similar to that of Klaatsch (1896) with slight differences in which muscles are considered independent.
The musculature of Polypterus remained unaddressed again for half a century until a review of the pectoral anatomy of actinopterygian fish by Jessen (1972) . This description recognizes an abductor and adductor, as well as an independent levator, but describes the depressor as a subdivision of the abductor. The description also indicates a number of sub-divisions within the abductor and adductor, including distinct portions along the dorsal and ventral edges bounding a middle portion. This more simplified view of the anatomy, with a limited number of independent muscles, sometimes comprising distinct sub-divisions, is also taken in the most recent review of osteichthyan pectoral musculature (Diogo & Abdala, 2007) . That study considers the musculature of Polypterus to comprise only an abductor and adductor, with a number of sub-divisions that are sometimes considered independent muscles by other authors. Braus (1901) and Jessen (1972) describe a simplified morphology in Polypterus or within certain muscular groups, but they generally recognize an independent levator, and often an independent depressor. Unique to this most recent work, these muscles are both considered to be sub-divisions of the adductor and abductor, respectively (Diogo & Abdala, 2007) .
Materials and methods
Five specimens of wild-caught Polypterus senegalus, 27-28 cm in length from Uganda were provided by L. Chapman (McGill University) and a field trip by T.Y.D. Specimens were fixed in 10% formalin and stored in 70% ethanol until use. These specimens were used for dissection, as their musculature was large enough to visualize the smaller details of the anatomy.
Three specimens of P. senegalus, approximately 12 cm in length, were acquired from the pet-trade for microCT soft-tissue imaging. The anterior portion of the specimens were removed and placed in 4% paraformaldehyde for 24 h, then placed in a 50-mL centrifuge Metscher, 2009, and Tahara & Larsson, 2013 , for further details on IKI staining]. The specimens were washed in distilled water for 5 min prior to scanning. The specimens were wrapped in parafilm to prevent desiccation during scanning and then immobilized within a section of 50-mL polypropylene tube using tissue paper to avoid movement during scanning. Each specimen was scanned using a SkyScan1172 micro-CT scanner with the following settings: source voltage 80 kV, current 80 lA, power 10 W, camera pixel size 11.56 lm. Scans were reconstructed into 2D cross-sectional images using NRECON software provided by SkyScan. Muscles were hand-labeled in each slice, and 3D mesh surfaces generated using AVISO 7.0 (Visualization Sciences Group).
Results
Using gross anatomical dissection ( Fig. 2 ) and microCT scanning ( Fig. 3 ; Supporting Information Fig. S1 ), we were able to recognize six independent muscles originating on the pectoral girdle and crossing the glenoid to insert onto the basal endoskeleton of the fin (Table 2 ). These muscles were distinct from their origin to insertion in the microCT scans, support for their being independent muscles rather than sub-divisions of the abductor and adductor. In cases where two origins were distinct but the muscles could not be separated at their insertion, the two were considered sub-divisions of the same muscle (e.g. the ventral and lateral heads of the abductor profundus and adductor). Overall, this new description varies in a few details but does not conflict greatly with most previous descriptions, with the exception of whether certain muscles are considered independent of the abductor and adductor. Nomenclature used for the musculature follows the conventions of authors such as Shann (1924) and Diogo & Abdala (2007) , using the terms abductor and adductor to describe the main lateral and medial muscle masses, respectively, in Polypterus. These terms are also used in describing the musculature of other actinoptergians and sarcopterygians, as well as chondrichthyans. However, it is important to note that these muscles only appear to function to abduct or adduct the fins when they are rotated and held against the body, at rest, as they are in Polypterus. In this position, ray 1 of the pectoral fin is the most dorsal ray. In other taxa, such as chondrichthyans, the fins are held horizontally at rest, with ray 1 as the most lateral ray. In such taxa, the muscles named adductors actually serve as levators, raising the fin. Despite their different functions depending on the orientation of the fin in different taxa, the names abductor and adductor are retained to indicate probable homologies between these muscles across Osteichthyes. Similarly, when describing these muscles the terms lateral, medial, dorsal and ventral, are used in relation to their position in each particular taxa at rest. Names given to the novel muscles in Polypterus, coracometapterygialis I+II and zonopropterygialis, follow Klaatsch (1896) rather than Pollard (1892) , as the names depressor and levator create confusion when discussing the musculature across Osteichthyes.
In lateral view, with the fin held against the body, the muscular portion of the fin is mostly covered by the abductors (Figs 2B and 3B). The abductor is divided into two distinct and fully separated muscles, the abductor superficialis and the abductor profundus. The abductor superficialis has a long origination extending along the lateral surface of the cleithrum, dorsal to the scapulocoracoid, and continuing to the ventrolateral surface of the base of the scapulocoracoid. Its fibers run postero-dorsally about a third of the length of the fin skeleton, resulting in a roughly triangular muscle that covers the proximal portion of the abductor superficialis. It inserts onto the dorsolateral surface of the propterygium, between the zonopropterygialis and the dorsal portion of the abductor profundus. This muscle has been described previously as the zonoseptalis (Klaatsch, 1896) and was called the abductor superficialis by Shann (1924) . Its action is the abduction and pronation of the fin.
The abductor profundus originates beneath the abductor superficialis with two heads, one on the lateral portion of the distal scapulocoracoid just anterior to the glenoid, and the other ventral to this, extending slightly more anterior than the other origin (Fig. 3B) . The two heads remain separated about a third of the way along the fin skeleton, at which point the fibers begin to intermix and the separate masses become indistinguishable. This muscle has a broad insertion along the lateral side of the distal fin, with the superficial fibers attaching in bundles to the bases of the fin rays, whereas the deeper fibers insert on the lateral side of the distal portions of the pro-, meso-, and metapterygiums, as well as the fin-ray radials. Along the dorsal edge of the abductor profundus there is a distinct but incompletely separated bundle of muscle fibers attaching to the base of ray 1. This bundle is thicker than the bundles going to the other fin rays. As the name suggests, the action of this muscle is abduction of the fin. The superficial bundles of muscles attaching to the bases of the fin rays are responsible for lateral movement of these structures.
Below the abductor, along the ventro-lateral edge of the fin, lies a pair of muscles, the coracometapterygialis I and II (Figs 3C-F and 4B,C). A single coracometapterygialis was described by Klaatsch (1896) , and most other studies (Pollard, 1892; Braus, 1901; Shann, 1924 ) recognize a distinct muscle related to depression of the fin. The description of two distinct muscles here is unique to this study. These are visible in the dissected specimens, but are difficult to separate due to their small size. However, they appear as distinct masses in the microCT scan, distinguishable throughout their length from origin to insertion.
Coracometapterygialis I originates ventrally on the distal scapulocoracoid and inserts on the ventro-medial surface of the metapterygium, extending nearly three-quarters of its length. Coracometapterygialis II originates just anterior and lateral to coracometapterygialis I and inserts lateral to this muscle, on the ventrolateral surface of the metapterygium, where it is restricted to the proximal portion. Both muscles are relatively thin and strap-like, with fibers taking a straight path between origin and insertion. The action of these muscles appears to be depression of the fin, but because of their origination on the lateral side of the scapulocoracoid, they may also function to supinate the fin.
The medial side of the fin is largely covered by a single adductor originating from the distal scapulocoracoid. Similar to the abductor profundus this muscle has two heads, one originating on the dorso-medial surface of the scapulocoracoid, the other from the medial surface. These heads remain distinct for about the same distance as those of the abductor profundus before the fibers begin to intermix and the masses become indistinguishable. This muscle has a broad insertion along the medial surface of the fin, with the superficial bundles of fibers servicing the fin rays, whereas deeper fibers insert on the distal pro-, meso-, and metapterygia, as well as the fin-ray radials. These appear to be equivalent to the promesopterygialis and metapterygialis portions of the adductor described by Klaatsch (1896) . The ventral head also appears equivalent to the adductor superficialis described by Shann (1924) . This muscle acts to adduct the fin, whereas the ventral head also pronates the fin. The superficial bundles attaching to the bases of the fin rays move these structures medially.
Dorsally, between the abductors and adductor, is the zonopropterygialis (Figs 2B,C and 3B-E). This muscle primarily originates along the inner surface of the middle cleithrum, with a small portion originating on the dorsal surface of the scapulocoracoid. It inserts between the abductor superficialis and the dorsal head of the adductor, on the dorsal surface of the proximal propterygium. In the microCT data (Fig. 3C,E) , this muscle tapers off distally and it passes between the dorsal-most portions of the abductors and adductor. It remains distinct from these muscles throughout, suggesting it is not part of one of these other muscles that is divided proximally. This situation is difficult to resolve by dissection as well, but it appears this muscle may have a tendinous insertion onto the dorsal surface of the mid-propterygium. Further histological work may help resolve this insertion. This muscle was recognized by all but one of the previous studies as an independent muscle, so distinguishing it via microCT scanning was not surprising. The confirmation of the zonopropterygialis as a single muscle is important, however, as it indicates the divisions previously described by Klaatsch (1896; zonopropterygialis lateralis and medialis) and Shann (1924;  dilator posterior I and II) are indeed just bundles of the zonopropterygialis and not distinct muscles. We retain the name zonopropterygialis as proposed by Klaatsch but do not distinguish between a medial and lateral portion.
Discussion Comparisons with other taxa
Given its basal position among osteichthyan fish, this new description of Polypterus musculature warrants comparisons with chondrichthyans, other osteichthyan fish, and tetrapods. Specimens of taxa other than Polypterus were not examined directly, but some comparisons can be made from the literature. As such, comparisons are intended only to give context to the musculature of Polypterus, not provide a complete review of the subject. Comparisons were limited only to muscles crossing the glenoid, as muscles associated with the zeugo-and autopodium in tetrapods have no equivalent in finned taxa.
Chondrichthyans
Chondrichthyans have three muscles in their pectoral fins; an abductor, an adductor, and a protractor (Wilga & Lauder, 2001; Diogo & Abdala, 2007; Diogo & Ziermann, 2015) . The abductors and adductor are likely homologous to the abductors and adductor of Polypterus, as well as those of other osteichthyans. The protractor of Chondricthyes is similar to the dorsal bundle of the abductor profundus in Polypterus, although fully differentiated in Chondrichthyes into a distinct muscle. Both attach to ray 1, and if the fins of Polypterus were held in the same orientation as those of chondrichthyans, would serve to protract the fin.
Other actinopterygians
Like in Polypterus, the lateral and medial sides of the fins in nearly all other actinopterygians are covered by the abductor and adductor, respectively. These muscles insert distally on the proximal portion of the fin rays, like the abductor profundus and adductor of Polypterus. The portions of these muscles that articulate with the fin rays were suggested to be homologous between Polypterus and other actinopterygians by Jessen (1972) . The abductor superficialis described here in Polypterus does not appear to have an equivalent within the abductor of other actinopterygians. Although the abductor superficialis in Polypterus is derived from the abductor mass, it forms a distinct muscle that is fully differentiated from the rest of the abductors. In other actinopterygians, superficialis and profundus portions of the abductor have been described, either as separate masses (Winterbottom, 1974) or simply as portions of the same muscle (Jessen, 1972; Diogo & Abdala, 2007) . We cannot comment on the independence of these muscles, but as both the superficialis and profundus portions of the abductor in other actinopterygians originate on the cleithrum and insert along the fin rays, they differ from the abductor superficialis of Polypterus both anatomically and functionally. Also differentiating most other actinopterygian taxa from Polypterus is the presence of one or more arrectors in the pectoral fin (Jessen, 1972; Diogo & Abdala, 2007) . The arrector dorsalis, originating from the interior of the middle cleithrum, running between the abductor and adductor and inserting on the basal part of the first fin ray appears first in the clade formed by Chondrostei and Neopterygii (Jessen, 1972; Diogo & Abdala, 2007) . The presence of this muscle in paddlefish is unclear (Danforth, 1913; Jessen, 1972; Diogo & Abdala, 2007) , but it is found with certainty in Neopterygii. This muscle is derived from the adductor mass, as the zonopropterygialis appears to be, and is similarly located on the dorsal edge of the fin between the abductor and adductor. However, their originations and insertions are very different (Fig. 4) , suggesting these muscles are not homologous, a position supported by Jessen (1972) , who found there to be no equivalent to the zonopropterygialis in other actinopterygians. Another arrector muscle, the arrector ventralis, is found in Neopterygians. This muscle seems to be equivalent to the dorsal bundle of the abductor profundus attaching to the first fin ray in Polypterus, but is a distinct, fully independent muscle in other actinopterygians. The presence of this undifferentiated bundle in Polypterus suggests that this feature is shared by all actinopterygians and only later became fully differentiated and independent in Neopterygii. Further study of this muscle in Chondrostei could help clarify this point. The undifferentiated nature of the bundle in Polypterus also suggests that the protractor of Chondrichtyes and the arrector ventralis are convergent. However, if this muscle is lost in Polypterus, there is a possibility that the chondrichthyan protractor and neopterygian and stergeon arrectors are homologous.
Coelacanth
The literature on the pectoral anatomy of Latimeria based on first hand observations of the anatomy is limited to the multi-volume description of coelacanth anatomy by Millot & Anthony (1958) . This publication describes a pectoral musculature consisting of six muscles crossing the shoulder joint, as well as other muscles originating within the limb A B Fig. 4 Pectoral muscles of actinopterygians. Medial views of the right fins and girdles of (A) Polypterus and (B) Amia, demonstrating differences between the medial muscles. arr.d., arrector dorsalis; ad, adductor; cl, cleithrum; cmt, coracometapterygialis; mca, mesocoracoid arch; ms, mesopterygium; mt, metapterygium; r1, pectoral ray 1; sc, scapulocoracoid; scl, supracleithrum; zp, zonopropterygialis. Figures not to scale. Amia drawn from Jessen (1972) . (Fig. 5C ). Both an abductor and adductor superficialis and profundus are described. Like the abductor profundus and adductor in Polypterus, the superficial abductor and adductor muscles of Latimeria travel the length of the limb and insert on the proximal portions of the fin rays. There are a number of muscles that run deep to the abductor and adductor, different from the situation in Polypterus where there are no muscles that run deep to another muscle for their entire course. The first of the deep muscles, the abductor and adductor profundus muscles, do not have as long a course as their superficial counterparts and insert proximally on the limb. Beneath the superficial muscles also lies a series of pronators and supinators that extend the length of the limb. Whereas the first pronator (P1) and supinator (S1) originate on the pectoral girdle and insert within the limb, the subsequent muscles (P2-4 and S2-4) originate within the limb and join the distal skeletal elements of the limb (Fig. 5 ). This is a major difference from Polypterus and other actinopterygians, where the pectoral musculature arises entirely from the pectoral girdle and crosses the glenoid.
Lungfish
The musculature of all three genera of lungfish is described as consisting of a simple abductor and adductor (Fig. 5B ) (Humphry, 1872; Braus, 1901; Shann, 1924; Diogo & Abdala, 2009 ). These muscles originate on the pectoral girdle and then continue into the limb, with distinct muscle bundles connecting to each segment of the limb skeleton in series (Braus, 1901) . These are not considered to be independent muscles like those described in Latimeria, so there are no muscles originating within the limb. This simple morphology may be the result of an overall reduction of the pectoral limb, or may be a reflection of the basal sarcopterygian condition (Diogo & Abdala, 2009 ). Due to this simplicity, the presence of an abductor and adductor is the only real similarity to Polypterus.
Tetrapods
Comparisons between the pectoral muscles of limbed tetrapods and Polypterus are difficult to make due to their phylogenetic distance and differences in complexity. Even basal tetrapods, such as salamanders (e.g. Humphry, 1871; Walthall & Ashley-Ross, 2006) and frogs (e.g. Gaupp, 1896; De Iuliis & Puler a, 2010) , have a greater number of muscles crossing the pectoral joint than Polypterus. The latissimus dorsi and pectoralis are novel muscles that span from the body wall (rather than the girdle) to the humerus, and have no equivalent in fish fin-musculature. Tetrapods also have muscles originating within the limb (Fig. 5A ) that are responsible for the movement of the zeugo-and autopodium, whereas the muscles in the fin of Polypterus are restricted to origination on the pectoral girdle. However, despite these differences, some comparisons can be made.
The arrangement of muscles in Polypterus, with muscles on the dorsal, ventral, medial, and lateral sides of the fin (when held at rest) bears a similarity to the arrangement in tetrapods, where multiple muscles surround the glenoid. In tetrapods, this arrangement allows these muscles to have specific roles during locomotion, such as elevation, depression, supination, and pronation of the limb. Although many derived teleosts may have additional muscles within their pectoral fin, only Latimeria approaches the complexity of this arrangement. This arrangement of musculature may A B C Fig. 5 Pectoral muscles of sarcopterygians. Musculature of (A) Latimeria, (B) Neoceratodus, and (C) Necturus in left lateral view. Dark gray indicates muscles crossing the glenoid to insert on the fin/limb. Light gray muscles originate within the limb. Muscles in white on Necturus may insert on the girdle, but do not cross the glenoid to insert onto the limb. These colors do not imply homology. ab.pro., abductor profundus; ab.sup., abductor superficialis; ad.sup., adductor superficialis; ds, dorsalis scapulae; ld, latissimus dorsi; pI, pronator I; pII-IV, pronators II-IV; pch, procoracohumeralis; pct, pectoralis; sco, supracoracoideus. Figures are not to scale. Figures drawn from Millot & Anthony (1958 ), Romer (1924 ), and De Iuliis & Puler a (2010 . not be necessary for complex movement of the fin, as demonstrated by the movements of the pectoral fin in lungfish (King et al. 2011) . However, lungfish appear to be incapable of fin-assisted, supportive terrestrial locomotion (B. Wilhem, T. Du, E. Standen, H. Larsson pers. obs.). Therefore, musculature similar to that seen in tetrapods may be to some extent necessary for supportive terrestrial locomotion.
Evolution of pectoral musculature in osteichthyan fish
The plesiomorphic condition for Osteichthyes is to have two large muscles, an abductor and adductor (Diogo & Abdala, 2007; Diogo et al. 2013 ). An additional muscle inserting onto the leading ray is also present in many chondrichthyans and osteichthyans but its homology is questionable (see above). Recent work reviewing the evolution of pectoral musculature in osteichthyans (Diogo & Abdala, 2007 , 2009 Diogo et al. 2013 ) describes transitions within actinopterygians and sarcopterygians in which these two large muscle masses divide to give rise to additional distinct, fully differentiated muscles. Within actinopterygians, there is a transition occurring with the step-wise addition first of the arrector dorsalis, and then the arrector ventralis and arrector 3 (Diogo & Abdala, 2007) . This occurs in actinopterygian groups above Polypteriformes, so they are not considered part of this transition. Within sarcopterygians, two transitions are thought to have occurred. The first occurred leading up to Latimeria, with the addition of multiple pronators and supinators (Millot & Anthony, 1958; R. Diogo pers. commun.) . The second occurred concurrently with the fin-limb transition, with the evolution of the multiple independent muscles that are later seen in tetrapods (Diogo et al. 2013) .
Our work supports the presence of additional independent pectoral muscles in Polypterus. Among these muscles, the zonopropterygialis, coracometapterygialis I, and abductor superficialis (or muscles corresponding to these) have been recognized by previous authors (Klaatsch, 1896; Shann, 1924; Jessen, 1972; Diogo & Abdala, 2007) to various degrees. For example, the most recent review of muscles in osteichthyans recognizes groups equivalent to these muscles, but does not consider them to be fully differentiated (Diogo & Abdala, 2007) . The present study provides a unique description of coracometapterygialis II. Data from microCT scanning suggests these muscles are fully differentiated from origin to insertion and comparisons with other taxa suggest they are not homologous to muscles in other osteichthyans or even chondrichthyans. Although they may be derived from masses that are present in other taxa, they are distinct and are thus considered autapomorphies of the Polypteriformes. All appendicular muscles are derived from two masses during development, so other criteria such as origins and insertions must be used to assess homologies between muscles. The muscles described here in Polypterus meet the criteria to be considered novel muscles. This means that a second transition within the pectoral musculature occurred within actinopterygians, with the addition of novel musculature in polypteriformes.
The additional muscles in sarcopterygians allows for rotation of the entire pectoral fin or limb. The functional similarities between the musculature in these taxa and Polypterus leads us to suggest that the fins or limbs of taxa with additional muscles can be divided into two functional groups based on the main fin movements they enhance (Fig. 6) . The first group are the 'arrector-derived' fins, in which additional muscles allow for greater movement of the leading fin-edge. This group contains Chondrichthyes, Neopterygii and Chondrostei. The second group contains the 'rotation-derived' fins/limbs, where additional muscles allow for greater rotational movement of the entire pectoral appendage. This group includes Polypteriformes and Sarcopterygii, another similarity shared by these clades.
Our new interpretation of pectoral muscular evolution in osteichthyans indicates that the addition of independent muscles in the pectoral fin may occur with greater frequency than previously suggested. It also suggests that additional, independent muscles allowing for rotation of the fin may have arisen before the fin-limb transition. This may mean that early stem tetrapods, such as Eusthenopteron, may have had a greater level of control of their pectoral limb than previously thought.
Developmental implications
Data on the development of pectoral muscles may provide an explanation for the repeated occurrence of additional muscles in osteichthyans. The pectoral musculature is derived from cells of the lateral dermomyotome that move into the developing fin/limb (Ordahl & Le Douarin, 1992) . The method by which these cells enter the fin/limb has changed a few times over the course of evolution (Cole et al. 2011) , but once in the limb these cells aggregate into two masses, the dorsal and ventral muscle masses, separated by the fin/limb skeleton. In the basal condition, these dorsal and ventral masses develop into the adductor and abductor. When additional muscles are present, the masses undergo a process called muscle cleavage, during which divisions arise within the masses, creating new masses that will go on to form new muscles (Schroeter & Tosney, 1991; Kardon, 1998) . These cleavage events occur in a specified pattern and can occur multiple times within a mass, dividing these masses into the appropriate number of muscles and giving rise to the pattern of musculature seen in the adult. This process occurs in a similar manner in phylogenetically disparate taxa such as zebrafish (Thorsen & Hale, 2005) and chicken (Kardon, 1998) , suggesting that the mechanism responsible is shared by all osteichthyans. Thus the addition of new muscles does not require a novel mechanism to be developed each time, only the activation needs to change. Data on muscle cleavage in Polypterus would help to confirm that this process did not evolve convergently in zebrafish and tetrapods, but is instead the result of a shared mechanism of muscle segmentation. This would also confirm the independence of the novel pectoral muscles in Polypterus, as the masses forming these muscles would be expected to separate completely during development. Unfortunately, Polypterus is difficult to breed in laboratory conditions (Bartsch et al. 1997) , making the collection of specimens for such a study difficult.
Our new interpretations of muscular evolution in osteichthyans may also allow the occurrence of another developmental event to be placed phylogenetically. During development in tetrapods, initial cleavage divides the masses into portions associated with the stylopod, zeugopod, and autopod (Kardon, 1998) ; these then undergo additional cleavage. This cleavage of the masses gives rise to muscles originating within the fin/limb, a feature seen in Latimeria and tetrapods, but not in actinopterygians. It is therefore possible that this 'proximo-distal' cleavage of muscles occurs in a different manner compared with the longitudinal cleavage of muscles within limb segments. Thus, proximo-distal appendicular muscle cleavage may be specific to sarcopterygians, and its presence in Latimeria indicates this feature evolved before the fin-limb transition.
Conclusions
Our work indicates a novel arrangement for the muscles in Polypterus, with an abductor superficialis and profundus, adductor, zonopropterygialis, and coracometapterygialis I and II. This description suggests a greater number of dis- Millot & Anthony (1958) , Jessen (1972) , and Diogo & Abdala (2007) . Muscles of the same color indicate similar function, not homology.
tinct, fully differentiated muscles than recently proposed (Diogo & Abdala, 2007) and indicates an independent increase in muscle number within the Polypteriformes. The complexity of this musculature may aid in observed terrestrial locomotion, contributing to the rotational movements demonstrated during various terrestrial gaits. Future study of Polypterus, including EMG during terrestrial locomotion, would help clarify exactly how these muscles control locomotion and whether they are capable of operating independently.
Although derived independently of sarcopterygians, the complex, tetrapod-like musculature of Polypterus makes it the best option for laboratory work on the evolution of pectoral musculature over the fin-limb transition. The musculature of Latimeria is likely a better model, but their completely pelagic lifestyle and endangered status rules them out for laboratory work. Although not all the muscles in Polypterus are directly homologous to those in tetrapods, comparisons can be made with muscles that have analogous functions. Lastly, the features of Polypterus such as a rotational glenoid, lobed pectoral fins, pectoral girdle attached to the skull, and non-derived pelvic fins are all features it shares with stem tetrapods such as Eusthenopteron, increasing its value as a model for the behavior of these early transitional taxa.
